Objective. The myelin protein Nogo inhibits axon regeneration by binding to its receptor (NgR) on axons. Intrathecal delivery of an NgR antagonist (NEP1-40) promotes growth of injured corticospinal axons and recovery of motor function following a dorsal hemisection. The authors used a similar design to examine recovery and repair after a lesion that interrupts the rubrospinal tract (RST). Methods. Rats received a lateral funiculotomy at C4 and NEP1-40 or vehicle was delivered to the cervical spinal cord for 4 weeks. Outcome measures included motor and sensory tests and immunohistochemistry. Results. Gait analysis showed recovery in the NEP1-40-treated group compared to operated controls, and a test of forelimb usage also showed a beneficial effect. The density of labeled RST axons increased ipsilaterally in the NEP1-40 group in the lateral funiculus rostral to the lesion and contralaterally in both gray and white matter. Thus, rubrospinal axons exhibited diminished dieback and/or growth up to the lesion site. This was accompanied by greater density of 5HT and calcitonin gene-related peptide axons adjacent to and into the lesion/matrix site in the NEP1-40 group. Conclusions. NgR blockade after RST injury is associated with axonal growth and/or diminished dieback of severed RST axons up to but not into or beyond the lesion/matrix site, and growth of serotonergic and dorsal root axons adjacent to and into the lesion/matrix site. NgR blockade also supported partial recovery of function. The authors' results indicate that severed rubrospinal axons respond to NEP1-40 treatment but less robustly than corticospinal, raphe-spinal, or dorsal root axons. FPT, Lee DHS, Rabacchi SA, Murray M. Nogo-66 receptor antagonist peptide (NEP1-40) administration promotes functional recovery and axonal growth after lateral funiculus injury in the adult rat.
A dult mammalian central nervous system (CNS) neurons do not spontaneously regenerate their axons. Contributors to this failure include the local environment of both the normal and injured adult CNS, which contains inhibitors that constitute a biochemical and physical barrier to regeneration. 1 Three molecules associated with myelin have been identified: NogoA, 2-5 myelin-associated glycoprotein (MAG), 6, 7 and oligodendrocyte-myelin glycoprotein (OMgp). 8, 9 Nogo has 3 variants: NogoA, NogoB, and NogoC. NogoA is mainly expressed in the CNS, whereas the other 2 are more widely expressed outside the CNS. NogoA possesses a transmembrane loop region, Nogo66, which inhibits neurite outgrowth. 10, 11 The Nogo-66 receptor, NgR1, 12 is a glycosylphosphatidylinositol-linked cell surface receptor that contains a leucine-rich repeat motif that also interacts with MAG [13] [14] [15] and OMgp. 15, 16 All 3 myelin molecules bind to NgR1 in a complex with p75 neurotrophin receptor and a leucine-rich repeat transmembrane protein LINGO-1, which act to transduce the inhibitory signal across the cell membrane. [16] [17] [18] TAJ/TROY, an orphan tumor necrosis factor receptor family member, can also serve as an alternative coreceptor for NgR in place of p75. 19, 20 Strategies that neutralize or block the effects of NogoA have been successful in promoting repair and recovery of function after spinal cord injury (SCI). (1) A monoclonal antibody against NogoA (IN-1), when administered to spinal cord-injured rats, enabled regeneration and/or sprouting from corticospinal axons and partial recovery of function. [21] [22] [23] (2) An NgR competitive antagonist, NEP1-40 (Nogo66 residue , binds to the leucine-rich region of the receptor and also blocks the inhibitory effect of Nogo. 11 Intrathecal administration of NEP1-40 induced regenerative growth of corticospinal axons and partial recovery of function after dorsal hemisection injury in adult rats. 11 Delayed systemic delivery of NEP1-40 showed similar results in injured adult mice. 24 (3) Administration of NgR(310) ecto-F, an ecto-domain of the rat NgR fused to a rat IgG, into rats with thoracic dorsal hemisections, resulted in improved open field locomotion and axonal sprouting of corticospinal fibers. 25 In a combined treatment with methylprednisolone, the recovery of locomotor function and axonal sprouting was more pronounced compared to either treatment alone. 26 Another descending pathway, the rubrospinal tract (RST), is also implicated in motor function and the control of forelimb movements. Damage to the lateral funiculus destroys the RST but spares the corticospinal tract, and produces deficits in forelimb function that can be improved by therapeutic transplants. 27, 28 This study was designed to evaluate the effectiveness of NEP1-40 delivered intrathecally to the spinal cord on the recovery of function and axonal growth following a lateral funiculotomy. We tested several motor and sensorimotor behaviors and used tracing methods to identify changes in patterns of descending and primary afferent projections.
MATERIALS AND METHODS

Subjects
Fifteen adult female Sprague-Dawley rats (250-300 g) were prepared as experimental animals. The animals were housed in pairs, in standard cages, with free access to food and water under a 12:12-hour light cycle and in conditions of controlled temperature and humidity. Seven unoperated animals were used as normal controls for gait analysis. All procedures involving animals in this study were approved by the Drexel University College of Medicine's Institutional Animal Care and Use Committee and conformed to NIH guidelines.
Experimental Groups
Seven animals were prepared as operated control animals (op-controls) and 8 as an NEP1-40 treatment (NEP1-40) group. Both groups received first an intrathecal catheterization and 3 days later a right lateral funiculotomy at the C4 level. This 2-stage operative procedure was used because it was less stressful to the animals. An osmotic minipump was connected to the catheter immediately following the funiculotomy. The op-control group received an intrathecal delivery of vehicle that contained 97.5% PBS plus 2.5% DMSO, and the NEP1-40 group received an intrathecal administration of 500 µM NEP1-40 dissolved in 97.5% PBS plus 2.5% DMSO, delivered by minipump at 0.3 µl/h for 28 days.
Surgical Procedures
Intrathecal Catheterization
Catheters were implanted 3 days before the lateral funiculotomy. Rats were anesthetized with isofluorane and mounted in a stereotaxic instrument. A midline skin incision was extended from a line between the ears to about 1 cm caudal, and the atlanto-occipital membrane was exposed. The membrane was pierced using a bent 22-gauge needle, and a 2-mm lateral incision was made in the membrane. An intrathecal catheter (Marsil Scientific, San Diego, CA) was used to deliver drug or vehicle. The catheter consisted of 3 sections of polyethylene tubing, 0.5 cm PE60 tube joined to 4 cm PE10, which was joined to a 6.0 cm PE5. Four incisions made with #11 surgical blade 1.5 cm from the junction of the PE5 and PE10 tubing allowed delivery of drug or vehicle from the reservoir to the dorsal surface of the C4 spinal cord. The PE5 tubing was gently inserted into the subarachnoid space surrounding the spinal cord. The junction of PE5 and PE10 tubing was secured to the adjacent muscle. The tip of the PE60 tubing was sealed to prevent leakage of CSF, and the PE10-PE60 portion of the catheter was embedded subcutaneously. Osmotic pumps were loaded with vehicle or NEP1-40 solution at room temperature and submersed in 0.9% saline at 37°C for 40 hours to reach a constant delivery rate. Following the lateral funiculotomy, the catheter was connected to the osmotic minipump outlet (Alzet 2004,~240 µ1 volume, 0.30 µ1/h, 28-day delivery) and secured to the muscles with 4-0 silk suture. Because of the distance between the osmotic minipump and the lesion site, NEP1-40 or vehicle reached the lesion site about 12 hours after the insertion. We adapted the drug concentration and delivery method from that described by GrandPré et al. 11 The intrathecal catheterization was modified from the method described by Yaksh 29 by the addition of the PE5 tubing. This modification was made to diminish the mechanical damage often caused to the cervical spinal cord by the catheter. 30 The pump was removed at the end of the experiment, 56 days after the implantation, and evacuated using a 27-gauge filling tube, provided by Alzet to test for residual NEP1-40; no NEP1-40 remained in any of the pumps.
Lateral Funiculotomy
Three days following the catheter implantation, rats were anesthetized with an intraperitoneal injection of acepromazine maleate (0.7 mg/kg; Fermenta Animal Health Co, Kansas City, MO), ketamine (95 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA), and xylazine (10 mg/kg; Bayer Co, Shawnee Mission, KS). A laminectomy at the C3-4 level exposed one segment of spinal cord. At this time, the intrathecal catheter outlet was positioned correctly above the spinal cord in all experimental animals with no detectable damage to the cord. A 30G needle was used to open the dura and pia mater, and a shallow incision was made in the right dorsal spinal cord. A finetipped microaspirator was used to extend the lesion laterally and ventrally. This lesion interrupted the lateral funiculus, including the right rubrospinal tract, and extended into the gray matter. 27 After hemostasis was achieved, 3 µ1 of Vitrogen, a collagen matrix (Cohesion, Palo Alto, CA), was injected into the lesion site of each animal to fill the cavity. Vitrogen was used because it persists within the cavity and provides a permissive substrate for axonal growth. 31, 32 The dura was closed with interrupted 9-0 silk sutures, and the muscles and skin were closed in layers. Animals that developed autophagy during the experimental period were treated daily, as necessary, with topical triple antibiotic ointment (CVS, Inc, Woonsocket, RI).
Anterograde BDA Labeling
Following 8 weeks of behavioral testing, animals were anesthetized and positioned in a stereotaxic apparatus, and the brain was exposed and 1 µ1 of 10% BDA (Molecular Probes, Eugene, OR) was slowly injected into the left red nucleus (Coordinates: AP: 5.8 mm; ML: 0.7 mm; DV: 7.0 mm from Bregma) over 5 minutes using a 10 µ1 Hamilton syringe. The needle was left in place for another 10 minutes and gradually withdrawn over 3 minutes. Animals were allowed to survive for 2 weeks and were then sacrificed.
Behavioral Testing
All behavioral tests were performed by individuals who were blinded with respect to treatment. All animals were tested preoperatively for their baseline performance on an open-field test, a test of forelimb usage, and a test of sensitivity to a thermal stimulus. Animals were tested for forelimb usage 3 days following the catheter implantation, before the funiculotomy, to check for deficits arising from the catheterization, and on forelimb usage, open-field, and thermal sensitivity tests at 1 week post-hemisection surgery, and then weekly for 8 weeks. At the end of the behavioral testing, a subset of animals was selected from each experimental group (n = 3) for analysis of gait parameters using the CatWalk apparatus. Selection was based on an absence of history of autophagia, a common occurrence after certain spinal injuries in the rat, which damages the foot and thus perturbs gait. For each outcome measure of the footprint analysis, the variance among animals around the mean was low, resulting in a high degree of robustness and enough power to interpret the results. Gaits of the selected animals were compared to those of 7 unoperated controls.
Forelimb Locomotor Scale Score
The open-field locomotor (BBB) test 33 was developed to evaluate hindlimb function after midthoracic contusion injuries. Because the injury model in this experiment is a unilateral cervical lesion, we modified this test to assess open-field locomotion by the affected right forelimb and hindlimb ( Table 1 ). The forelimb scale was constructed to reflect the typical pattern of deficits and recovery. Rats were placed in an enclosure (1.5 × 0.6 meters) and videotaped for 4 minutes, and their performance was scored by 2 trained observers. Forelimb openfield scores ranges from 0 (no function) to 17 (no deficit).
Forelimb Usage (Cylinder) Test
The cylinder test is used to assess forelimb usage during exploration. Animals were placed into a Plexiglas cylinder (17.8 cm in diameter and 35.5 cm in height) and observed for 3 minutes. Normal animals spontaneously rear and explore, supporting themselves using one or both forelimbs placed against the wall. Injured animals may explore from a crouched position but still contact the wall of the cylinder with their forepaws. The number of forelimb contacts is expressed as percentage of forelimb contacts with right plus both forepaws to total contacts. 27, 34 This test is sensitive to lateral funiculus injury, and recovery is improved by therapeutic transplants. 27, 28 Gait Analysis
The CatWalk apparatus enabled us to measure several features of the dynamics of locomotion, including interlimb coordination, limb base of support, and stride length. 35, 36 The animals cross a walkway made of Plexiglas walls spaced 10.5 cm apart with a glass floor (122 × 15 × 1 cm), modified from Hamers et al. 35 Animals were filmed from the ventral perspective while they traversed the walkway, using a Pulnix TM 745E camera (Pulnix America, Inc, Sunnyvale, CA), equipped with a wide-angle objective (Cosimar 8.5 mm). Light from an encased white fluorescent tube (117 cm long) is reflected onto the glass floor. Paw contact with the floor interrupts the light and is recorded by the camera. 37, 38 Data collection starts as the animal enters the walkway and stops as the animal exits. The signal is digitized (50 half-frames/sec) by a PCimage-SRGB frame grabber board (Matrix Vison GmbH, Openheimer, Germany). The CatWalk program 35 acquires, compresses, stores, and analyzes the gait parameters. Data analysis was performed by interactively categorizing and labeling the signals (right/left fore/hind paw, nose, abdomen, tail, and artifact). The position, size, and intensity of these pixels were analyzed. Analysis is facilitated by using false colors for the display. The algorithm tracks data between frames to provide automatic scoring. False positives (eg, fecal pellets) are also detected by the algorithm and can be manually edited. Each animal was tested 3 times, and each trial included at least 5 step cycles (producing 15-25 steps), which yielded a coefficient of variation sufficiently small to produce reliable data for this animal model. The following gait parameters were extracted from the CatWalk program 35 : Regularity index (RI) grades the degree of interlimb coordination by calculating the percentage of steps within a normal stepping pattern 39 divided by the total number of paw placements. Intact animals are fully coordinated with an RI of 100% (although it may appear slightly lower if incomplete step sequences are collected). Poor interlimb coordination is reflected by a lower RI. Base of support is measured by the perpendicular distance between 2 parallel lines crossing the center of the right and left paw paths. A wide base of support is consistent with impaired locomotor function. Stride length is the distance the right forelimb travels during a step cycle. We report this measure only for the affected right forelimb. Swing duration is the time during which the foot is not in contact with the surface. We report this measure only for the affected right forelimb. Crossing time is the time from the first paw placement to the last, recorded by the camera while the animal crosses the walkway.
Thermal Sensitivity Test
The thermal sensitivity test measures the latency of withdrawal of a limb in response to heat stimuli applied to the paw. Animals were placed in elevated Plexiglas cages for 30 minutes. A movable radiant heat source (25°C to 29°C) was applied to the left hindpaw or right forepaw and the time taken to withdraw noted. If a paw was not withdrawn after 30 seconds, the heat source was removed to prevent tissue damage. Five trials were run for each paw with a 15-minute interval between each trial to prevent sensitization. [40] [41] [42] Five trials were run for each paw. The last 4 trials were averaged to provide the mean latency of withdrawal.
Data Analysis and Statistics: Behavior
All weekly behavioral data were analyzed by 2-way ANOVA between groups (NEP1-40 treatment vs opcontrols) and time, with time taken as a repeated measure. Post hoc analysis was performed, where appropriate, using the Bonferroni test. Operated control (n = 3) and NEP1-40 (n = 3) groups were compared to 7 normal rats for all gait parameters on the CatWalk by 1-way ANOVA to quantify deficits. Power analysis confirmed that interpretable data could be collected from this small sample. NEP 1-40 animals were compared to op-controls to assess treatment effects for each parameter using Student's t test. For other behavior tests, the NEP1-40 group was compared with Slight movement of all 3 joints of the forelimb 12 Continuous plantar stepping with paw position rotated (either at initial contact, liftoff, or both) 4
Extensive movement of 1 joint and slight movement 13 Continuous plantar stepping with paw position of 2 joints of the forelimb parallel (either at initial contact, liftoff, or both) 5
Extensive movement of 2 joints and slight 14 Continuous plantar stepping with paw position movement of 1 joint of the forelimb rotated (either at initial contact, liftoff, or both) and occasional toe clearance 6
Extensive movement of all 3 joints of the forelimb 15 Continuous plantar stepping with paw position parallel (either at initial contact, liftoff, or both) and occasional toe clearance 7
Plantar placement of the forelimb with no weight 16 Continuous plantar stepping with paw position support parallel (either at initial contact, liftoff, or both) with frequent toe clearance 8
Dorsal stepping only 17 Continuous plantar stepping with paw position parallel (either at initial contact, liftoff, or both) and continuous toe clearance op-control group and to preoperative baseline assessments. All data were analyzed by 2-way ANOVA between NEP1-40 treatment and time, with time taken as repeated measure. Significance levels were set to .05 for all comparisons.
Histological Analysis
Tissue Preparation Two weeks after BDA injection, rats were deeply anaesthetized with sodium pentobarbital (100 mg/kg; Abbott Laboratories, North Chicago, IL) and transcardially perfused with 200 mL normal saline followed by 500 mL of ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The spinal cord was removed and immersed in a 0.1 M phosphate buffer (PB) at 40°C, then in 30% sucrose (in 0.1 M PB containing 0.5 µM Thimerosal) for 3 to 5 days for cryoprotection. The spinal cord was serially blocked, embedded in OCT (Fisher Scientific, Pittsburgh, PA), cut into 20 µm longitudinal sections on a cryostat, and mounted onto gelatin-coated slides. Spinal cord sections were processed for BDA staining, Nissl-myelin, and immunohistochemistry with antibodies against 5-HT to identify raphespinal axons and calcitonin gene-related peptide (CGRP) to identify dorsal root axons. Nissl-myelin staining was performed on the cervical coronal sections 5 mm rostral to the lesion to evaluate catheter damage. Experimenters were blinded to the group identities of the animals.
Lesion/Matrix
Nissl myelin-stained sections through the lesion site were examined to determine that the lesion included the entire lateral funiculus and thus ablated the rubrospinal tract, and that the lesion site remained filled with the Vitrogen matrix.
Evaluation of Catheter Damage
Postmortem analysis indicated that the catheter produced variable damage to the spinal cord in all animals. Nissl myelin-stained sections through the area of catheter damage were examined by 2 independent investigators who identified areas of tissue damage for each animal. A ratio of the area of tissue loss to the normalized area of spinal cord was calculated for each animal. Two animals from the NEP1-40 group had dense scar formation or massive tissue damage caused by the catheter at sites other than the dorsal columns. These 2 animals were removed from the study.
BDA Labeling
Four animals with comparable and validated injections into the red nucleus were analyzed from each group. A 1 cm block of cervical spinal cord that included the lesion site was sectioned longitudinally at 20 µm. BDA-labeled fibers were detected by staining with an ABC (avidinbiotin-peroxidase complex) elite kit (Vector, Burlingame, CA), using the protocols described by Liu. 27 Slides were rinsed 3 times for 30 minutes each with TBST (50 mM Tris-buffered saline containing 0.5% Triton X-100, pH 10.0) and then incubated overnight with an ABC elite kit at 4°C. On the second day, after four 30-minute rinses in TBST and a 5-minute rinse in 50 mM, Tris buffer at pH 10 and pH 7.2 each, the sections were reacted with Sigma Fast-DAB compounds (Sigma, St Louis, MO). Sections were counterstained with cresyl violet, dehydrated, and coverslipped with DPX (Fluka Chemie AG, Buchs, Switzerland).
The number of BDA-labeled fibers rostral to, at the lesion epicenter, and caudal to the lesion in both white and gray matter and both ipsilateral and contralateral to the lesion site was analyzed using a light microscope with bright-field illumination at a final magnification of ×20. Sections were selected at 200-µm intervals, and the fibers were counted on 3 planes that crossed the rostral edge, epicenter, and caudal edge of the lesion. Because the efficiency of BDA labeling varies from animal to animal, we quantified the BDA labeling 5 mm rostral to the lesion epicenter to provide a normalization control; because axotomized rubrospinal axons retract after axotomy a distance of~500 um, 43 axons 5 mm rostral to the injury should reflect surviving rubrospinal axons. The total number of BDA-labeled fibers in the vicinity of the lesion site was divided by the total number of the fibers 5 mm rostral to the lesion to provide comparable densities. 27 
Immunohistochemistry
Spinal cord sections were processed for immunohistochemistry with antibodies against serotonin to identify raphe-spinal axons and CGRP to identify peptidergic dorsal root axons. The sections were washed 3 times in PBS for 5 minutes each, incubated in PBS that contains 10% normal goat serum (NGS) for 1 hour at room temperature, and then incubated in 2% NGS + polyclonal serotonin (1:20,000; Immunostar, Hudson, WI) or polyclonal CGRP (1:4,000; Peninsula Laboratories, Belmont, CA) in PBS overnight at 4°C in a humidified chamber. Sections were washed with PBS 3 times the following day, incubated with fluorescently conjugated rhodamine-conjugated goat antirabbit (1:200; Jackson ImmunoResearch, West Grove, PA) in PBS for 2 hours at room temperature, washed with PBS, and then coverslipped with vectashield that contains the nuclear counterstain DAPI (Vector, San Diego, CA). Stained sections were examined with a Leica DMRBE microscope (Wetzlar, Germany), and images were captured by using Reteiga Exi camera (QImaging Corp, Burnaby, BC, Canada). Images were processed on a PC computer with an imageJ program. The images of the lesion site and surrounding tissue were captured within a fixed box size of 1360 × 1036 pixels at 10× for 5HT and CGRP immunoreactivity. Threshold values were set so only immunoreactive axons were measured. Nonspecific staining, such as obvious artifacts caused by tissue processing, was edited from images. Total labeled axons were measured as area fraction.
Statistics: Tissue Analysis
To analyze BDA-labeled axons, area of catheter damage, and quantification of immunohistochemistry, NEP1-40-treated animals were compared to op-controls by 1-way ANOVA. A regression test was used to analyze the correlation between severity of catheter damage and average score on the cylinder test at 5 to 8 weeks. Significance levels were set to .05 for all comparisons.
RESULTS
Behavioral Analysis
Forelimb Locomotor Scale Score Intact animals have forelimb locomotor scale scores of 17. One week after the lateral funiculotomy, forelimb open field scores in both groups showed a modest but significant (P < .05) deficit followed by a recovery that plateaued at week 2, with no differences between groups (Figure 1) . Thus, this test was sensitive enough to reveal an early deficit following the spinal lesion, the NEP1-40 treatment did not protect against this deficit, and animals in both groups recovered equally well.
Forelimb Exploration
Intact rats support themselves on their hindlimbs and explore the walls of the cylinder using their forelimbs; about 25% of contacts are made with the right, 25% with the left, and 50% with both forepaws. In normal animals, the right forelimb is therefore used in about 75% of all contacts. Both op-control and NEP1-40 groups showed normal frequencies of contacts during baseline testing and 3 days after the catheter implantation. Decreased use of the right forelimb was evident in both groups by 1 week after the lateral funiculotomy. The op-control group showed no further recovery during the experimental period. The NEP1-40, in contrast, showed significantly (P < .05) greater recovery at weeks 2 through 7, although the right forelimb usage declined at week 8 to the level of the op-control group (Figure 2) . Thus, the improvement in the NEP1-40 group may not have been permanent.
Gait Analysis
ANOVA revealed significant differences between the operated groups for gait parameters collected using the CatWalk apparatus. Gait parameters were then compared between normal animals and the 3 representatives of the op-control and NEP1-40-treated groups at the end of the study, 8 weeks postinjury. The animals for CatWalk analysis were chosen because they had no history of autophagy and their forepaws were intact. These animals performed similarly to the group means on the other behavioral tests, and their selection does not represent a bias. Steps made by NEP1-40-treated animals were very similar to those made by normal rats ( Figure 3 ). The following gait analysis parameters were extracted from at least 15 of these step cycles. The right forelimb stride length ( Figure 4A ), RI ( Figure 4B ), forelimb and hindlimb base of support (Figure 4 C,D), crossing time ( Figure 4E ), and swing duration ( Figure  4F ) of the right forelimb were all similar to normal values. In contrast, gait parameters were significantly impaired in the op-control group. The right forelimb stride length was reduced (P < .05, Figure 4A ). The RI was also reduced, indicating poor interlimb coordination (P < .05, Figure 4B ). Although the forelimb base of support was similar to that of intact rats ( Figure 4C) , the hindlimb base of support was increased (P < .05), indicating a broader-based gait ( Figure 4D ). Crossing time was also longer (P < .05, Figure 4E ) and swing duration of the right forelimb greater (P < .05, Figure 4F ), indicating a right forelimb deficit. By dividing stride length by swing duration, we calculated the swing velocity of the limb. This measure confirms that the op-controls exhibit impaired use of their forelimb whereas the NEP1-40-treated animals behave similar to normals. Gait parameters of the other limbs were also altered, suggesting that the animals are compensating for these deficits (data not shown), but because of individual variation in compensatory responses, these parameters could not be further analyzed within our limited sample. Thus, gait analysis was a sensitive indicator of deficits in the op-control group and showed that NEP1-40 treatment appears to have largely eliminated gait deficits.
Thermal Sensitivity
The heat test measures the latency of limb withdrawal in response to thermal stimuli applied to the ventral surface of the paw and is thus a measure of sensorimotor function. Reductions in withdrawal latency denote hypersensitivity to heat stimuli. Right-sided lesions of the lateral funiculus damage the region around the ipsilateral dorsal root entry zone, including sensory fibers representing the ipsilateral forelimb and the spinothalamic tract, which contains ascending axons relaying information from the contralateral side. Therefore we expect any deficits in sensory processing to be most severe in the right forelimb and the left hindlimb. 34 Technical difficulties that occurred at week 1 precluded data collection for that time point. The operated controls showed decreased latency of withdrawal in both right forelimb and left hindlimb when tested at week 2 (P < .05), compared to baseline, but recovered to baseline latency thereafter. Latency of withdrawal did not change from baseline levels postoperatively in the NEP1-40 group. Thus, the NEP1-40 treatment did not induce thermal hypersensitivity, whereas the opcontrols showed early hypersensitivity but only transiently ( Figure 5 ).
Histological Analysis Lesion/Matrix Site
In all cases, the lesion ablated the lateral funiculus and thus severed the rubrospinal tract (data not shown). The lesion cavity contained the Vitrogen matrix, some host cells that had migrated into the matrix, and some axons (see below) that had grown into the matrix. Thus, the matrix persisted and filled the lesion cavity, providing a permissive substrate for axonal growth, as shown previously. 31, 32 Catheter Site
The cervical spinal cord sections showed tissue damage from the catheter in all animals. Thus, the NEP1-40 or vehicle had access to the parenchyma in all experimental animals. One animal had extensive glial scar formation that extended to the dorsal horn, and in another the ventral horn and ventral and lateral funiculi were damaged ( Figure 6 ). The data from these 2 animals, both from the NEP1-40 group, were removed from the behavioral analyses, reducing the number of NEP1-40 animals to 6. To determine whether the catheter damage was correlated with behavioral deficits in the other animals, we compared percent of tissue damage associated with the catheter with scores on the test of forelimb function ( Table 2 ). The catheter damage was calculated as the area of tissue loss divided by the area of normal spinal cord in cross section. The percent damage did not differ between the 7 op-control and 6 NEP1-40-treated rats. Because the score on the cylinder test had plateaued by 5 weeks postinjury, we averaged the scores from the forelimb test from week 5 to week 8. There was no correlation between damage and behavioral performance (R 2 = 0.0) in the groups that were tested in the open field, exploration, or thermal sensitivity tests or in the subset that was tested on the CatWalk.
BDA Anterograde Tracing
The injection of BDA into the red nucleus (Figure 7 C,D) labels rubrospinal axons. To analyze the effect of NEP1-40 treatment on rubrospinal axons, we examined the BDA-labeled axons at the epicenter, rostral edge, and caudal edge of the lesion in longitudinal sections (Figure 7 A,B) and quantified labeled axons in both gray matter and lateral funiculus ipsilateral and contralateral to the injury (Figure 8 ). Because the efficiency of BDA labeling varied from animal to animal, a horizontal plane 5 mm rostral to the epicenter of the lesion was chosen as an internal normalization control. The number of BDA-labeled axons obtained from each region was divided by the total number of BDA-labeled axons obtained at 5 mm rostral to the lesion epicenter and expressed as a percentage of normal density.
In normal control animals, the BDA-labeled rubrospinal axons appear as a bundle of fibers with a straight trajectory localized to the right lateral funiculus. A small number of axons were present in the same location in the contralateral lateral funiculus, representing the 1% of RST fibers that are uncrossed (data not shown). In the NEP1-40-treated group, compared to the opcontrols, significantly (P < .05) more BDA-labeled axons reached the rostral edge of the lesion/matrix, Figure 5 . Thermal sensitivity to a heat stimulus. Data points indicate mean ± SEM. (A) Thermal sensitivity of the right forelimb significantly increased in operated controls compared to baseline (*P < .05) at 2 weeks postinjury but then recovered to preoperative baseline levels. This increase was not evident in the NEP1-40-treated group. There were no significant differences between groups as they recovered to preoperative baseline levels. (B) Thermal sensitivity of the left hindlimb increased in operated controls (*P < .05) at 2 weeks postinjury but then recovered to preoperative baseline levels. This increase was not evident in the NEP1-40-treated group. The catheter delivered either NEP1-40 (n = 6) or vehicle (n = 7) over 4 weeks as indicated by the arrow.
although few or none entered the lesion/matrix site ( Figure 8A ). BDA axons were present in the contralateral gray matter in both groups, but more BDA axons were seen in the contralateral gray matter in the NEP1-40 group (P < .05, Figure 8D ), suggesting enhanced sprouting from lesioned ipsilateral axons across the midline or from uninjured contralateral axons. At the caudal edge of the lesion/matrix site, there was no difference between groups in number of BDA-labeled axons (Figure 8 A,C) . Thus, NEP1-40 increased regeneration and/or sprouting and/or decreased dieback of injured RST axons. BDA-labeled axons, however, did not enter the lesion/matrix site nor did they extend in gray or white matter caudal to the lesion/matrix site.
Immunohistochemical Analysis Serotonergic Axons
In the NEP1-40 treated group, serotonin-immunoreactive fibers were present within the Vitrogen-filled lesion cavity. These fibers were distributed mostly in the rostral half and the center of the lesion, but some extended beyond the center and toward the caudal end of the matrix-filled cavity. Robust 5HT staining was seen in the host gray matter and white matter adjacent to the graft. Fibers entered the lesion/matrix from the host gray matter or ipsilateral lateral funiculus (Figure 9 A,B,C) . In the op-control group, very few serotonin-immunoreactive fibers were found around or in the Vitrogen-filled lesion site (Figure 9 D,E,F). (Figures 3 and 4) . (B) The area of damage caused by the catheter expressed as the percentage of tissue loss showed no difference in the remaining animals between the operated control (n = 7) and NEP1-40-treated (n = 6) groups.
Quantification of the area fraction of the immunoreaction within the matrix/lesion indicated denser (P < .05) staining in the NEP1-40 group compared to the opcontrols ( Figure 11A ).
Peptidergic Axons
Dorsal root axons containing CGRP were observed within the lesion/matrix in both groups (Figure 10 ), but NEP1-40-treated animals (Figure 10 A,B ,C) contained denser CGRP staining (P < .05; Figure 11B ) than the opcontrol group (Figure 10 D,E,F) .
NEP1-40 treatment therefore promoted growth or sprouting of raphe-spinal and peptidergic dorsal root fibers into the matrix-filled lesion site. The failure of BDA-labeled rubrospinal axons to enter the lesion/matrix site is therefore not due to an impenetrable barrier but perhaps to a less robust capacity for growth by RST axons.
DISCUSSION
We show that several gait parameters return to nearly normal levels and that usage of the forelimb ipsilateral to the injury is greater in NEP1-40 recipients. Neither the lesion nor the NEP1-40 infusion produced prolonged hypersensitivity to a thermal stimulus. Administration of NEP1-40 is expected to diminish the inhibitory environment of the CNS, which could foster random growth of axons that could disrupt function. In no case did NEP1-40 treatment impair recovery. NEP1-40 treatment diminished rubrospinal axonal dieback and/or increased axon sprouting or regeneration in white matter and also into gray matter rostral to and at the level of but not caudal to the lesion. Descending serotonergic and CGRP-containing primary afferent axons showed increased growth adjacent to and into the lesion/matrix site in NEP1-40 recipients. Thus, efficacy of NEP1-40 in promoting recovery of function and repair is thus shown in a second spinal injury model. NEP1-40 appeared, however, to be less effective in stimulating regeneration of rubrospinal axons caudal to the injury compared to the lesioned corticospinal tract in animals treated with Nogo A antibody. 11, 44, 45 NEP1-40 was also not as effective as transplants of fibroblasts genetically modified to express brain-derived neurotrophic factor (BDNF) or olfactory glia or AAV delivery of trophic factors, which induced regeneration of rubrospinal axons through, around, and distal to the transplant 27, 28, 46 in the same lesion model.
Recovery of Function Gait Analysis
Gait analysis using the CatWalk was a more sensitive test of motor function following a lateral funiculotomy than the Forelimb Locomotor Scale Score. Efficient and integrated locomotion is largely dependent on the descending pathways in the ventromedial and ventrolateral funiculi, which were spared in the operated animals. 47, 48 Animals in the opcontrol group were able to locomote but showed dysfunction of right forelimb, lack of interlimb coordination, and compensatory modifications in left forelimb function. In contrast, all measured gait parameters in NEP1-40-treated animals recovered to nearly normal levels. Given the lack of long-distance growth of rubrospinal axons, which we believe reflects lack of long-distance growth of other descending pathways, the nearly normal function implies that local plasticity induced by the NEP1-40 treatment is sufficient to provide recovery of coordinated hindlimb and forelimb function and that the improved function is apparent 2 months after the injury and 1 month following cessation of NEP1-40 administration.
Forelimb Usage
The recovery of forelimb usage, as seen in the cylinder test, showed an improvement in the NEP1-40 group, compared to the op-controls, although right forelimb usage declined at the end of the experiment. It is possible that the absence of NEP1-40 infusion in the last 4 weeks of the study led to the decreased function. We do not know when the additional damage to axons caused by the catheter occurred, but this could also have contributed to the decrease in forelimb exploratory function seen at 8 weeks. Although our catheterization procedure was similar to that used by GrandPré et al, 11 their catheters were placed above the injury site (dorsal hemisection) in the thoracic spinal cord, whereas we inserted the catheter into the much narrower space in the cervical spinal canal, which presumably accounted for the additional damage to the dorsal columns. The catheter damage was, however, similar in the 2 groups that we tested and did not prevent the demonstration of overall greater functional recovery provided by the NEP1-40 treatment in this test.
Thermal Sensitivity
Because contusion and hemisection 34, [49] [50] [51] injuries have induced hypersensitivity to thermal stimuli applied to the hindlimb, we tested whether the more restricted lesion that we used would also increase sensitivity. We found increased sensitivity compared to baseline only in the op-control group and only at 2 weeks. Both experimental groups were at baseline levels thereafter with no differences between the groups, indicating that neither the lateral funiculotomy nor the NEP1-40 treatment induced hindlimb hypersensitivity.
Axonal Growth
Anterograde labeling of specific motor pathways can provide evidence that the intervention stimulates regenerative growth. GrandPré and colleagues 11 reported that NEP1-40 administration to rats with dorsal hemisections induced sprouting by injured corticospinal axons at the rostral edge of the lesion and that some injured axons regenerated through intact ventral corticospinal tract caudal to the lesion and some regenerated considerable distances. Similarly, NgR treatment after midthoracic contusion enhances corticospinal sprouting rostral to and raphe-spinal sprouting caudal to the contusion. 52 Primate studies have described that NgR neutralization following cervical lateral funiculus lesions also promotes corticospinal sprouting rostral to and regeneration caudal to a spinal injury. 45, 53 We show that NEP1-40 treatment preserves rubrospinal axons at the rostral edge of the lesion by preventing dieback and/or by eliciting regenerative sprouting. Some labeled axons entered the gray matter and possessed varicosities with morphology consistent with synaptic boutons (data not shown). There was, however, no difference between the groups in the density of rubrospinal tract staining caudal to the lesion. Thus, growth or failure of dieback by RST axons, stimulated by NEP1-40, was more limited than that reported for the CST or for that elicited by genetically modified fibroblasts in a similar model. 27, 28 Sprouting (or regeneration) by raphe-spinal and dorsal root axons occurs following a number of experimental interventions, including various kinds of grafts and modifications of the environment. [54] [55] [56] [57] [58] [59] [60] Nogo blockade increases raphe-spinal sprouting caudal to a contusion injury 52 and after dorsal hemisection. 61 We show that NEP1-40 increases growth of host raphe-spinal and also dorsal root axons into and adjacent to the lesion/matrix. The serotonergic and dorsal root axons in the NEP1-40 group, unlike BDAlabeled rubrospinal axons, entered the lesion/matrix site. Thus, the lesion/matrix boundary did not preclude entry of axons. Serotonergic and dorsal root axons may be more successful at extending axons than the rubrospinal axons, which showed no tendency to grow into the matrix. Thus, injured rubrospinal axons may respond less robustly to NEP1-40 administration than serotonergic and dorsal root axons 56 or corticospinal axons. 11 The axonal growth elicited by NEP1-40 administration is likely due primarily to the blockade of a set of inhibitory molecules that are normally present in the spinal cord. Interestingly, these inhibitors require binding to coreceptors, one of which is the p75 receptor, to be effective. Neurotrophic factors also bind to the p75, 17 which suggests that a competition for binding to this coreceptor may influence how permissive or inhibitory the environment is to axonal growth. 58, 60 Thus, blockade of the inhibitors may act to increase the efficacy of neurotrophins that may be present and could increase the likelihood of sprouting by damaged (rubrospinal or raphe-spinal) or intact (dorsal root) systems.
Receptor Blockade Versus Nogo Knockouts
Although treatments that neutralize Nogo-A or NgR elicit increased axonal growth in this study and others, 11, [22] [23] [24] [25] [26] 44, [62] [63] [64] studies using Nogo or NgR knockout mice have reported much less consistent axonal growth following SCI. [65] [66] [67] [68] [69] These varying degrees of axonal growth in the Nogo knockout mice appear to be related to the different genetic backgrounds of the mice used in these studies. 62, 70, 71 It is also possible that IN-1 or NEP1-40 may have direct regenerative effects, which would contribute to the more robust growth. 72 For example, IN-1 treatment up-regulates the level of BDNF, vascular endothelial growth factor, and growth-associated protein 43. 73 Therefore, the absence of Nogo in the knockout mice may further impair the ability of neurons to respond to SCI.
CONCLUSIONS
This study demonstrates that NEP1-40 prevents dieback and/or promotes growth of rubrospinal axons into gray matter and stimulates dorsal root and serotonergic axonal growth in the vicinity of and into the lesion/matrix site and promotes functional recovery. The recovery is likely due to changes in the local circuitry that engage host interneuronal systems. Our results also suggest that severed rubrospinal axons respond to the NEP1-40 treatment less robustly than the dorsal corticospinal, raphe-spinal, or dorsal root axons 11, 56 or to transplants of fibroblasts genetically modified to secrete neurotrophins 27 or to transplants of olfactory cells. 28 
